Population-based association design is often compromised by false or nonreplicable findings, partially due to population stratification. Genomic control (GC) approaches were proposed to detect and adjust for this confounder. To date, the performance of this strategy has not been extensively evaluated on real data. More than 10 000 single-nucleotide polymorphisms (SNPs) were genotyped on subjects from four populations (including an Asian, an African-American and two Caucasian populations) using GeneChip s Mapping 10 K array. On these data, we tested the performance of two GC approaches in different scenarios including various numbers of GC markers and different degrees of population stratification. In the scenario of substantial population stratification, both GC approaches are sensitive using only 20-50 random SNPs, and the mixed subjects can be separated into homogeneous subgroups. In the scenario of moderate stratification, both GC approaches have poor sensitivities. However, the bias in association test can still be corrected even when no statistical significant population stratification is detected. We conducted extensive benchmark analyses on GC approaches using SNPs over the whole human genome. We found GC method can cluster subjects to homogeneous subgroups if there is a substantial difference in genetic background. The inflation factor, estimated by GC markers, can effectively adjust for the confounding effect of population stratification regardless of its extent. We also suggest that as low as 50 random SNPs with heterozygosity 440% should be sufficient as genomic controls.
Introduction
In theory, for equivalent sample size, association test is far more powerful than pedigree-based linkage studies in searching for genomic regions underlying human diseases. 1 The basic idea behind association test is that the disease alleles are more frequent in ascertained cases than in controls. Markers physically close to the disease loci will also be detected because of linkage disequilibrium (LD). However, the application of this approach is compromised by false or nonreplicable findings, 2 partially due to population stratification, which causes unlinked markers to show association with the phenotype. 3, 4 Recent population admixture also bias association test, and an example is the spurious finding between immunoglobulin haplotype Gm 3,5,13,14 and NIDDM in the Gila River Indian Community. 5 The study was confounded by the subjects' degree of Caucasian genetic heritage. 6 To overcome this serious danger, a correction strategy has been proposed. 6, 7 It requires to genotype additional unlinked markers, often called 'genomic control (GC) markers', as the cost of detecting and correcting possible confounders. Under the assumption of no association between GC markers and phenotype and no population stratification, the w 2 statistics of association test between the ith GC marker and case -control status, denoted as Y i 2 , follows a w 2 distribution with one degree of freedom if using additive genetic model. And the sum of the w 2 statistics of n GC markers, denoted as Y n 2 , follows a w 2 distribution with n degree of freedom, where we can easily test whether the population stratification is present. Furthermore, we assume the test statistic is inflated by a factor l, Y n 2 /lBw n 2 . If we assume l is constant for all loci, we can then use it to adjust the population stratification. One robust way to estimate the inflation factor is:
456; where 0.456 is simply the median of w 2 distribution with one degree of freedom. 8 We denote this method as the combined w 2 approach in this paper. An alternative method, proposed by Pritchard et al, 9 tackles this problem in two steps. Firstly, the GC markers are used to separate the study subjects into genetically homogeneous subgroups, and second, the association tests will be conducted within each subgroup. To date, the performance of the GC approaches has not been examined extensively in real genotype data. Previous researches were based on simulated data or small number of GC markers. The Affymetrix Mapping 10 K array has recently become available, offering the ability to genotype more than 10 000 single-nucleotide polymorphisms (SNPs) across the human genome in a timely manner. 10 Using this technology, we evaluated the current genomic control approaches in testing and controlling for population stratification.
Methods

Study subjects
Four groups of subjects were used in the current study, (1) 20 Asians, (2) 42 African-Americans, (3) 42 Caucasian collected by Coriell Institute, and (4) 54 Caucasian subjects collected from Utah, USA. The DNA samples of group (1 -3) were purchased from Coriell Institute, and the group (4) samples were collected by Centre d'Etude du Polymorphisme Humain (CEPH) research laboratory. All subjects were unrelated individuals and remained anonymous to the authors.
Genotyping
A measure of 250 ng genomic DNA of each subject was digested with XbaI at 371C for 4 h. The DNA fragments undergo ligation to a universal adaptor and then PCRamplification with a common primer. The amplicon was cleaved by partial DnaseI digest to shorter fragments, and labeled with biotinylated ddATP using terminal deoxytransferase. The labeled DNA was injected into the microarray cartridge and incubated overnight. The hybridized microarray was washed and stained following a three-step protocol, and was scanned under the manufacturer's directions (Affymetrix). Finally, the genotype was determined using an automated scoring software (Affymetrix). The detailed genotyping procedure used has been previously described elsewhere. 10 This data set has been made available to the public at http://www. affymetrix.com/support/developer/resource_center/index. affx?terms ¼ no.
Statistical analysis
Only autosomal markers were used in the analysis. We firstly compared the allele frequencies and heterozygosities of the genotyped SNPs among populations. Second, we evaluated the performance of genomic control method in detecting population stratification through an iterative procedure. We pooled genotypes from different groups together, that is, Asian and African Americans, and attempted to detect this mixture using GC approach. In each iteration loop, we randomly selected n ¼ 20 or 50 SNPs from the data set, calculated Y n 2 in the combined w 2 approach, and conducted test for population stratification. Overall, 10 000 iterations were carried out, and we summarized the power as P (Po0.05). Furthermore, we assessed the degree of bias it would cause in association tests if we ignored the underlying population stratification. The Armitage's trend test for additive model was used. 8 We randomly assigned a fraction (0, 25, 50, 75 and 100%) of each ethnic group to be disease affected, pooled two groups together, and tested for disease -SNP association. This simulation procedure was repeated 10 000 times, and we recorded the rejection rate at 0.05 level. Upon observed substantial population stratification, we also estimated the inflation factor (l), and calculated the rejection rate again with controlling for population stratification. We also applied the Pritchard's approach, which is a model-based clustering method using unlinked SNPs to infer population structures, and assign individuals to clusters. 9 The method is implemented in a software, STRUCTURE (version 2), which was downloaded from http://pritch.bsd.uchicago.edu. We evaluated this method by pooling two ethnic groups together, and run STRUC-TURE to detect the population structure using 50 or 500 GC SNPs.
Results
A total of 158 unrelated individuals from four ethnic groups were genotyped on 10 043 SNP markers by the array, with an overall call rate of 96.4%. These SNPs are fairly polymorphic in our study samples, and the average heterozygosity (440%) and allele frequency (420%) of the SNPs were similar across all four ethnic groups (Table 1) . Using the combined w 2 approach, we found 10 -20 SNPs were sufficient to detect population stratification in the scenarios of Asian-Caucasian, Asian-African American and Caucasian-African American mixture at the nominal 0.05 level ( Table 2 ). The power in rejecting the null (no population stratification) was over 95% in these cases by only using 10 genomic control SNPs. However, when mixing the Caucasian subjects collected by Coriell Inc. and those collected by CEPH, we have limited power to detect the stratification even using 50 random SNPs (Table 2) . One possibility stands as there was no significant population stratification between these two groups of Caucasian subjects, so that we can conduct association test without adjustment. However, we observed substantial bias in the test if we mix any two ethnic groups together (Table 3 ). In the cases of mixing the two groups of Caucasian subjects, the rejection rate could be more than 20% under the null hypothesis (Table 3) . It should be noted, that in the 0.5/0.5 situation of Table 3 , we simulated case -control studies matched on ethnicity. When sample size is small-tomoderate, using asymptotic w 2 distribution tends to yield overestimated P-value and result into conservative test.
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Only when sample size becomes large, the asymptotic P-value is accurate. 11 As a consequence, in the 0.5/0.5 column of Table 3 , the rejection rates were slightly less than a level except when mixing the two Caucasian groups where population stratification was less severe. Upon observing strong bias in marker -disease association testing if ignoring the population stratification, we used the estimated inflation factor (l) to adjust the association tests, and obtained correct rejection rate (Table 4 ). In addition, we simulated situations of mixing two ethnic groups (eg Asian and African-American), where one group was matched in cases and controls but the other group was mismatched. In this case, we also observed elevated false- Table 1 Mean heterozygosity and allele frequency of the SNPs among study subjects Performance of genomic control markers K Hao et al positive rate caused by population stratification, which could be appropriately adjusted for by using w 2 genomic control methods.
In the cases of Asian-Caucasian, Asian-African American and Caucasian-African American pooling, the STRUCTURE software can easily separate the two groups using 50 random SNPs. In contrast, when we combine the two groups of Caucasian samples, the software failed to detect the population stratification even using 500 SNPs. Because the computation time of this method is fairly long, we carried out only 20 runs using different sets of 500 random SNPs, but in none of the 20 occasions the subpopulations were detected.
Discussion
In this paper, we evaluated two different strategies in detecting and controlling for population stratification using real data. We surveyed the cases of (1) pooling genetically distant populations, such as Asians and Caucasians, and (2) pooling genetically similar populations, such as two groups of Caucasian samples. In case (1), both strategies were able to detect the stratification with a small number of GC SNPs, however, in case (2), the sensitivity is low in both strategies even with hundreds of SNPs. The inflation factor (l) in the combined w 2 approach can correctly adjust the confounding effect even when the population stratification was statistically nonsignificant. In contrast, no adjustment can be attempted in Pritchard's approach when subpopulation structure is not detected.
In the past decade, we have witnessed the rise of familybased designs as an alternative to population-based study. 8 The motivation is that family-based designs are protected from population stratification by its nature. 12 This protection comes with a cost: (1) family-based samples are more difficult to collect, and (2) conditioning on the same number of genotypes, family-based tests are less powerful than their population-based counterparts. 13 Furthermore, the genomic control approaches made population-based study at least comparable to family-based tests. We can generally consider two scenarios. (1) In the situation of substantial population stratification, Pritchard's method appears to be the most attractive. It can cluster subjects into homogeneous groups, and tests can be conducted within these groups. We should note that, in this case, the gene -disease association could be quite different among ethnic groups in terms of both magnitude and direction due to the distinct genetic backgrounds. Family-based approach can only detect the average genetic effect, which could miss the association if its directions are opposite among subpopulations. (2) In the situation of subtle population stratification, such as two groups of Caucasian subjects collected from different geological regions, Pritchard's method showed limited sensitivity in detecting the stratification. Fortunately, the combined w 2 approach can still appropriately adjust for the confounding effect using estimated l. Our results suggest that the adjustment is fairly accurate in various degrees of population stratification. Simulation studies also showed, in this case, population-based study with GC adjustment is statistically more powerful than family-based tests. 8 The degree of population stratification varies among genetic markers. Some markers carry similar allele frequencies across populations, and in contrast, some markers are ethnic specific. When the two underlying populations are not separable (ie, the scenario of mixing two Caucasian samples), we have to estimate the l on a number of random Estimation was based on 10 000 iterations, the rejection rates were summarized in panel (a). In panel (b), we presented the mean value and variance of the 10 000 ls obtained in the 10 000 times simulation. Caucasian, Caucasian samples collected by Coriell Institute. Utah, Caucasian samples collected by CEPH lab.
Performance of genomic control markers K Hao et al SNPs and apply it as a constant. By these means, we controlled the overall false-positive rate on all SNPs. However, for each individual SNP, its degree of population stratification could be under-or overestimated. The advantage of the w 2 approach is that it can adjust for population stratification even when the underlying populations are not separable. Its drawback is, when we are able to separate the underlying populations, this method is not the most efficient way to adjust for the stratification, on the other hand, the STRUCTURE strategy is more reasonable in this scenario. The disadvantage of the STRUCTURE strategy is, when the underlying populations are not separable, it simply cannot provide any adjustment.
It should be noted that, in the situation of subtle population stratification, both the combined w 2 approach and the Pritchard's method showed limited power in detecting it. However, we may still suffer from severe biases if the association test was performed without adjustment. In this study, we found the inflation factor can solve this potential danger, even when no significant subpopulations are detected. Hence, adjusting the test using l is recommended in a population-based association study if GC data are available. In addition, we set lZ1, which partially caused that, Table 4a , the corrected rejection rate under the null hypothesis is slightly less than 5%. 'How many GC markers should we use?' is always an intriguing question, and different suggestions have been made. 7 -9 Actually, the answer to this question highly depends on the population structure, sample size and heterozygosity of genomic control makers, and these parameters varies greatly across studies. Thus, no simply cutoff can be suggested. In this study, we investigated the impact of allele frequencies of genomic control SNPs to the power in detecting the stratification. We found frequent SNPs provide much larger power than infrequent SNPs. In our data, SNPs with minor allele frequency less than 15% offer nearly no power. Here, 50 SNPs with an average heterozygosity around 40% provided great power to detect population stratification and to make appropriate adjustment. As demonstrated in Table 4b , the variance of l is fairly small, which means no matter which 50 SNPs on the genome we choose as GC marker they will lead to similar estimations of l. With the rapid progress of biotechnology, the cost of SNP genotyping has been reduced greatly. To genotype a set of 50 SNPs in a population-based study is no longer a major financial or technological hurdle (in comparison to collecting family samples); moreover, GC methods will provide valuable and often necessary adjustments. GC approach can also be applied to family-based tests. When the direction of association is opposite among subpopulations, family-based tests may lead to a mistaken null finding. Since GC markers can separate sample to genetically homogeneous subgroups, conducting familybased test within these groups is arguably more appropriate and powerful.
In another setting, where we would like to examine whether a group of individuals belongs to a certain population (eg Asian), using known ethnic-specific markers would be more powerful and efficient than random markers. To date, numbers of these ethnic-specific markers have been characterized on many populations. 14 After our initial submission to the European Journal of Human Genetics, two papers on this topic were published in the Nature Genetics. 
